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liiis tiiesis deals with, an encoding and various decoding 
schemes for a trijple— error-correcting bp BOH code. She BOH 
code is chosen for its capabilit;^ of correcting multiple 
errors, particularly when the channel corrupts the successive 
transmitted symbols independently, fwo algorithms for BOH 
decoding due to BerleKamp, Yander Horst and Berger (YDH-B) 
have been simulated on IBM 7044 for a (31,16) bp BOH code with 
a minimum distance of 7» It is proved by comparison that 
VDH-B algorithm is superior to BerleJKamp’s algorithm. The 
emphasis has been on finding the usefulness of computerised 
BOH decoding for use in practical systems. A. prototype 
encoder and decoder scheme has been built and tested for 
the triiple-error- correcting (31,16) bp BOH code. The 
decoder uses Ohien’s cyclic decoding algorithm because of 
its simple implementation scheme. It has been shown that it 
is possible to correct all patterns of three or fewer errors. 
A bit processing rate of 1 Mbit/s ec has been realised. S^or 
use in practical systems e.g. source encoding such schemes 
can be readily utilised. The thesis also includes a review 
of work done on BOH decoding. Relevant simulation programs 
have been developed. 
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IITRODUCTIOT 

1.1 Importance of Coding and Block Codes 

The publication of Siiannon’s existence tiieorem on coding 

(1948) and its verification and development of a code by 

Hamming (1950) started a new era of practical codes for 

communication purposes. Since then researchers have developed 

many a code, all of which try to reach Shannon’s theorem in 

one way or other. These efforts have resulted in several good 

codes which can be implemented. An important class of these 
hrteayi. 

-underZblock codes are BCH ( Bos e-Chaudhuri-Hocquenghem) codes. 

An (n,k) block code, breaks up the information sequence 
in to blocks of length k and. encodes it in an n- tuple according 
to certain rules. The extra symbols added are called parity 
checks and are infact responsible for the error detecting and 
correcting capabilities of block code. 

Until recently use of codes in communications has been 
limited to areas like deep-space and military communications. 
In deep— space communication the channel is power constrained 
only way to improve SlSPEl and hence reliabilily is by using 
coding. In the latter case high reliability was the necessity 
to use coding. The reasons for not using coding is the cost 
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of complex encoding and decoding eq.uipment. But with 
advances in digital technology the additional cost of coding 
in communications is dwindling fast and use of codes becoming 
practical* 

Today coding is used in computers, in data transmission 
over telephone— cables, military and space communications, A 
majority of the codes utilised are block codes. As the impro- 
vement in performance of communication systems with coding 
increases, use of coding will certainly increase, 

1.2 BGH Codes 

BCE codes are a class of cyclic linear block codes, Por 
any two positive integers ’m' and *t’ a BCE code of length 
n = 2^ - 1 exists which corrects all combinations of t or fewer 

errors and require no more than'm t' parity-checks, Sihese 
codes are superior to other block codes in the respect that 
they require fewer parity checks, for the same codelength 
and error-correcting capability [lO]. 

All codes of length 15 are optimal and all double error- 
correcting BCE codes are quasi— perfect and hence optimal also. 
All BCE codes upto length 1023 sjce certainly good. But for 
very large’ n' BCE codes become weak. The lower boimd on t/n. 
approaches zero as’n’becomes large [5»73* 
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As all digital integrated oircuits us od in realising 
encoding and decoding sclaemes are binary in nature, the 
binary codes are of prime importance for present day applica- 
tions. Hence we restrict oursel-ves in this thesis to binary 
BOH codes only. Binary BOH codes are particularly useful when 

the channel noise affec'ts successi-ve bits independently. 

^ 

Further simpO^ implement' decoding procedures have been developed 
for these codes (Ohien, Peterson). These codes also find 
application in source encoding[5^9] , 

1.3 G-enerator of a BOH Oode 

Definition ; All vectors f(3:) over GF(2) for which 

a,a^,a^ ...... a are roots of f(x) are code- 
vectors of a binary primitive BOH code, where a is a primitive 

element of GF(2^). The leiigth of the code is the DOM of the 

2 d— 1 

orders of elements a, a .... a . d, the design distance 

■» 

is related to error-correcting capability of the code* The 
fact that a BGH code as defined above will have a minimum 
distance, ’d’ can easily be proved do] . 


letting d = 2 t + 1 


|f(x)J is a codevector iff a, a^,a^ .... are the roots of 

f(x). This fact leads us to the generator polynomial g(x). 

m^(x) is the minimum function of then it is also the 
mi •ni mini function of ct^^, 0,1,2 •••• m — 1. For example, 
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the elements a, a , a4, have same minimum fxmction 

m^(x) in G-P(2 )• Hence an equivalent statement would be 

^f(x)^ is a Godevector iif a, •••... oc^ ^ ^ are^^nots 

of f(x). Thus the generator polynomial of the code is 

i 

six) = LGM[m^(x), m^(x), m^^ _ 

If m(x) denotes a message polynomial then 

G(x) = m(x) • g(x) (2) 

is the corresponding BGH codeword. Since m^(x) cannot have 
degree more than'm’^the degree of g(x) can utmost be'^mt*^ and 
the code has utmost *mt* parity checks [10]. 

1*4 Historical Development 

BGH codes were developed by Hocquenghem in 1959 and also 

simultaneously by Bose and Hay chaudhuri in I960 for binary 

BGH codes which was generalised to non-binaiy case by Grorenstein 
Peterson has developed a correction procedure in I960, 
and Zierler in 1961. /Ghien also developed an algorithm for BOH 

codes in 1964. His algorithm makes use of the qjrclic properties 
of BGH codes and is simple to implement. After Hamming's . 
single correcting codes in 1950, BerleEamp extended them to 
double error-correcting codes and later came up with a genera- 
lised error correcting procedure in 1965. (References are 
in Peterson). Recent work in this area is due to ¥andev Horst 
and Berger (7DH-B) who published a decoding algorithm for 
tripj^e error correcting binary primitive BGH codes (1976). 
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1.5 Tiie present work consists of sinulating BerleKaap’s and 
VDH-B algorithms for decoding a (31,16) bp BOH code. Ihe 
algorithms are compared in performance from simulation results. 
A prototype encoder and decoder scheme has been implemented in 
hardware. The decoder makes use of Chierfe algorithm. 

Chapter 2 discusses BerleEamp and VDH-B algorithms for 

BOH decoding. Software implementation and some conclusiori on 

their relative performance are also given. Simulation programs 

in 

are incorporated^ppendie«ew>< HI 

Chapter 3 deals with the hardware realisation of (31,16) 
BCH encoder and decoder. The design equations for the decoder 
are also given. 

In Chapter 4 certain conclusions are drawn on the present 

work. 
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Chapter 2 

BIMRY PRIMITIVE BOH DEOODIHG ALGORITHMS AilD SiffiJLATION 
2*1 Introduction 

This chapter describes two algorithms for decoding of 
binary BOH codes. These were simulated on IBM 7044, and their 
performances compared. The algorithms used are 

1, BerleKamp’s algorithm 

2. Vander Horst and Berger (VDH-B) algorithm 

Before explaining these algorithms it would be appropriate to 

to 

define certain terms pertaining^^lock codes. For extensive 
definitions any one of the text shovild be referred [10], 

1, The n-tuple f = (aQ,aj_^2 •«•••» ^n-1^ polynomial 

f (x) = aQ + a^X+ a^X^ + 

where a^e(0,l) are two identical representations. 

2, For an (n,k) block code the ratio {k/n) is defined as the 
rate of the code. Here»k»is the no. of information 
symbols and ’n 'the code length, 

3, Minimum function of an element p in a GF(2 ) is the 
monic polynomial of smallest degree with coefficients 
in the ground field, such that 

5 

m(p) =0 
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4 * Every element of an extension field of order *21’ over the 
groimd field has a minimim function of degree m or less. 

5 . In a GI’(2'^) the element a for which = 1 is Imown 

as a primitive element and every non-zero field element 
can be expressed as a power of a, 

2.2 BerleEamp’s Algorithm for bp BCH Decoding 

n-1 . 

Consider a code polynomial 0 (X) = O.x^ where 0 , e{ 0 ,l) ( 1 ) 

i=0 ^ ^ 

During transmission this gets corrupted and let the error 
sequence be 

n-1 

E(z) = ^ , B^e(0,l) (2) 

\ 

where if the digit is co^^;ed B^ = 1 , = 0 . Hence the 

received polynomial will be 

n-1 .. n-1 . 

= C V + ^ V ^5) 

i=0 ^ i=0 

As a^, i=l,.2,, ,2t are the roots of g(x) and hence of 0 (x) , 
substituting x = in equation (3), we get 

E(ab = 0 + g = gl 4 = Sj ( 4 ) 

where are error locations (i.e. at the places Bj^. — l) 

S-» (j = 1>2, ..... 2t) are syndromes which are computed by 

dividing the received polynomial with suitable minimal f\xn- 

ctions. Ihus decoding algorithm will be complete if we find 

Xt , X^, 2 from the equations 

1 ' 2 e 
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Tills is the most difficult part of the algorithm. There are 
2t equations and e unknowns (e^t). Thus the equations ( 5 ) will 
have many solutions each corresponding to a different error 
pattern in the same ooset in the additive group of codewords. 

The decoder is to be designed to obtain a minimum weight error 
pattern with the syndrome values. Hence we try to find a 
solution of (5) with a value of e as small as possible. 

An error~locator polynomial is now defined as 

a(z) = n ( 1 -Z.z) = 1 + a. (6) 

i=l . ^ i=l ^ 

Therefore, the decoder must find 

Once cr(z) is computed, the reciprocal roots of 0(z) will give 
the error -loo at ions and correction of the received word is 
accomplished by complementing the erroneous bit, for binary 
BOH codes* This is achieved by Ohiensearch [3]. 

Ohiensearch consists in evaluating 0(X^) as the digit 
at i^^ location leaves the received word buffer and if 

a(xT^) = 0 the bit is complemented, otherwise it is passed 
as it is. 

Some mathematical manipulations are necessary to proceed 
further. Bet us define the generating function S(z) as 
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S(z) 





<, ' 4 

jSl i=l ^ 


z 


3 _ 




= 


X.z 

1 


1=1 1-X^z 


(7) 


JTow, multiplying both, sides by a(z) 

( 8 ) 

e 

[1 + S(z)] a(z) = a(z) +jr Z z n (1-Z.z) =^(z) (9) 

i^ 3fi ^ 

It is quite evident that the degree of 4 ,*(z)^e.. iUhus 

[l + S(z)J a(z) =«»{z) (10) 

Syndrome computation on the received word gives us S^jS^,*..*. 

^2t ^2t+l' ^2t+2* •••• 3-^® available. Therefore, 

we may write equation (10) as 

[l + S(z)] a(z) S' %>(z) mod z^^'*‘^jS (11) 


Equation (11) was termed as the ’Key Equation’ by BerleEamp. 
Now we can formulate the decoding problem as : Oiven S(z) 
we need to compute <j(z) and (z) from equation (11). Eegree 
of both cr(z) and fiKz) are ^e, the actual no. of errors 
occured. BerleKamp developed on algorithm to solve the ’Key 
Equation’. This is given in the next section. 


2.2.1 BerleKamp ’s algorithm 
Initialise = 1, 

D(0) = 0 and B(0) = 0. Proceed recessively as follows j 
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If is iniknown ; Stop 

Else define as the coefficient of in the product 

[l + S(z)] a(z) and let 

(ic+1) ^ (k) a 


( 12 ) 




Jf if D(E:)jr OR if # 0 and 

D(S) = (K+l)/2 and B(E) = 0 


(K) 


Set D(K+1) = D(E) 

b(e:+i) .= B(K) 

= z (15) 

But if 0 and either D(E) < (E+l)/2 or D(£) = (K+l)/2 

and B(E) = 1* 

Set 

.;: D(K+1) = Z + 1 - B(E) 

B(K+1) = 1 - B(E) 

(& 1 ) ^ 

The algorithm is continued till is foxmd. The explana- 

tion of the algorithm and the symbols are available in [ t ] . 
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2.2.3 Simplifications over the binary field 


In case of binary BOH codes S^, 


S^t are 


power symmetric functions of error-locations, JSven for 
e > t the equation 




* ^211 


:H " ^i^L H 


2 

'K 


(15) 


holds good. Thus the constraint on the generating function 
S{z) is that it must satisfy the equation 


[ 3 ( 2 ) 3 ^ = z 


2K 


K=1 


(16) 


Equation (16) leads to a considerable simplification of 
BerleKamp’s algorithm for binary codes. Also it shoiiLd be 
noted that the f-unction 14 (z) which gives the value of the 
error need not be computed for binary codes. Since we are 
concerned with binary BOH codes only we give the simplified 
algorithm in the following section. 

Initialise = 1 = 1 

Proceed recinrsively as follows : 

If S^T-r 1 is unknown STOP 

2iv+X 


Els e , define 
product [l+S(z)] 


as the coefficient of in the 


Compute 


.(2&2) , J2K) ^ ^(2K) 


(17) 
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.(2K+2) 


Z T 


=::0 

or. 

if deg 

if 4 0 

and 

deg ^ 

till is obtained. 


(18) 


2.3 YDH-B AlgoritJam for Iripple Error Gorrecting bp BCH Codes 

A binary n-tuple x = 2 ^ e(0,l) of 

weigiit can be mapped one-fo-one on to a locator polynomial 
over an e 2 tension field GF(2^)t n = 2^ - 1 as 


^(2) = % (I + a^) 

± ,x^ 4^ 0 


where a is a primitive element of GP(2 ) 

A tripjle error correcting bp BGH code can be defined as the 
null space of a (3xn) matrix H whefe^ its transpose H , is 
given by 


T 

H = 


1 

a 

a 


a-" 


a 


a 


10 


^n-l „3(n-l) ,5(n-l) 


( 20 ) 


The syndromes can be computed by the relation S — 

EH^ where 'R' is the received vector at the decoder input. How 
the decoding problem can be viewed as finding a Oosetleader 
of minimum weight coset 0(3} with syndrome S. Equivalently 
finding a locator polynomial 
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a(2) = IT (2+Z.) (21) 

i=l 

e . 

of minimal degree such that S. = , j = 1,5,5 (22) 

^ i=l ^ 

Here e is the actual number of errors occured in the codeword 
during transmission. A polynomial such as (21) is known as 
error— locator polynomial. Thus with every syndrome 
S = an error-locator polynomial of minimal degree 

*e' is associated. The syndromes and the coefficients of 
error-locator polynomial satisfy certain relations known as 
Hewton’s Identities, These will be given below. 


S. 


^3 ^ 2^1 ^3 

^5 ~ ^ 1^1 ^ 2^3 ^ 3^1 ^ 4^1 ^3 


(23) 


After computation of syndromes, equations (23) can be solved 
and the coefficients of locator polynomial be computed. To 
do this YDH-B algorithm simplifies Newton's Identities by 
defining transformed syndrome t = (T^,T^,T^), 

Definition : ~ ^i + (i = 1»3»5) (24) 

3 5 

whenever a single error occurs and ~ 

gives the power of a that gives the error location. Hence 

3 5 

it is logical to test whether or not ~ ~ 

whenever Tb-is test is very easy with transformed 

syndromes. By definition T^ = 0. It remains to check whether 

T = Tc = 0 or not .when 0. 0(t) will be referred to as 

3 5 i ' 
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a transformed coset j VDH-B algorithm finds a cosetleader 

for the coset 0(s) with syndrome 'S* from the one for G(t) 
has a weight 

whenever 0(s)^>l, In fact, Hewton’s identities are solved 
only for transformed syndrome t = (0,T^,T^) which are simpli' 
fied as 


h “ -^1 = 0 
I5 = >^2% + =>5 


(jW") 


2.3«1 Some theorems ] 

A number of theorems are stated below whic±L come handy 
in developing 7DH-B algorithm. 

Theorem 1 j If a(x) is any locator polynomial with syndrome S, 
the 


a(x) = 


a(x)/X + if oCS^) = 0 


(X + Sj_)o-(X) if a(S^) 0 (26) 

is a locator polynomial with transformed syndrome t. Similarly 
if a(x) is any locator polynomial with the transformed syndrome 
t , then 


a(x) = 


a(X)/(X+S^), if o(S^) = 0 
(X+S,) o(X), if o(S^) ^0 


( 27 ) 


is a locator polynomial with the original syndrome S. 
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Corrolary : If e and e denote the vieights of 0(s) nn d C(t) 
then |e - e 

2e;-i 

Theorem 2 ; If ^ is the 

locator polynomial of a word in the transformed syndrome *t*^ 
and Ve GF(2^) satisfying I 

°^2K-1 also a locator polynomial with syndrome t. 

Conversely, if is any even degree locator polynomial 

with syndrome *t^ and *1 is one of its roots, then (y^(X.+L)/X 
also has syndrome ^tl 

Theorem 3 j The weight e of a transformed coset C(t) is 
either zero or an odd integer ^3, 

Theorem 4 s let S =(S^,S^,S^) he the syndrome of a coset of 

wei^t e 1. Then an error locator polynomial cr(Z) with 

syndrome S can he obtained from an error locator polynomial 

ct(Z) with the transformed syndrome t = (0,3^ + 3^ + 3^^) 

vi^ the perscription 

a(Z) if S-, = 0 

0(1) = _ 

0(Z)/(Z+Sj_) if # 0, e even 

n(Z+S^) if f 0, e odd. 

2*3.2 Error locator polynomials for transformed cosets 

Equations (25) give Newton's identities for transformed 
syndrome V = (0,T^,T^). We will use those for computing an 
error-locator polynomial for transformed cosets. Then using 
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theorem 4 we arrive at aii error— locator polynomial "with the 
original syndrome S. 

Tl = 01 = 0, (25) 

In the general form the error locator polynomial of a trans- 
formed coset of weight e = 3 will be 
a(X) = + 0^ 

Since e = 3, 0^ = 0 and the use of (25) will give us 
d(Z) = Z^ + (15/13)2: + 13 

The next question is how we get a o’(Z) from the available 
a(Z). This can be done using Theorem 4. Prom Theorem 4 we 
arrive at the following t 

If S^ = a a(Z) = 'a(Z) and e = 3. Por S^ ^ 0 we need to 
consider two cases, i,e, e = 2 and e = 3» 

If e=2 then theorem 4 gives us 0(Z) = 0(Z)/(Z+S^) s= 

Z^ + S^Z+ (T^/S^) 

If e = 3 then 0(Z) = a(Z+S^) = (Z + S^)^ + (T5/T^)(Z+S^) + T^ 

(50) 

If the polynomial does not have three roots in GP(2^) then 
§ ^3 and from theorem 3, e = 5, and hence we proceed to the 
case when e = 5. Hero a test will be necessary for us to 
verify whether or not e(Z) has three roots in GP(2 )• One 
can do it by substituting all non-zero elements of GP(2 }. 

But a simpler way is available if 'm'is even. We define here 
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oi 

■fcrCy) = £ ys (31) 

i=0 

If 1 = tr[(l^^/l^^) + 1 ] = 0 then we are assured of three 
roots for a(Z) in [4 ]. 

Hence considerable effort is saved by computing the trace 
before proceeding for a search for roots of c(X). If 1 = 1 
we proceed to the case e — 5. But for odd 1 = 0 does not 
say anything about the roots of 0(Z) in GI’(2°). Then a 
complete search of Grl’(2 ) becomes necessary to find the roots 
of o(Z), This becomes tedious for large odd'm'. This fact 
makes VDH-B algorithm impractical for large odd 

let us now consider the case when e = 5* The general form 
of error-locator polynomial can be written as 

a{'l) = 4 - 

Newtons identities impose 

= 0 ^ and 0 ^ = c^T^ + T^ 

0 , and 0r- are fixed now. We can vary 0_ and 0 , arbitrarily 
3 5 4 

over G-T'(2^) in a bid to make 0 (Z) have fine distinct TOots in 
G-F(2^). A theorem stated below gives us the necessary and 
sufficients conditions on T^ and T^ in order to make ©(Z) has 
five roots in GF(2^)* 



18 


Tiaeorem 5 : If no locator polynonial of dogree 3 or less 
iias syndroEio t = (0, 2]^), then there is a quintic error 

locator polynomial with syndrome 't'^ iff there exist A,B 


A,B e GP(2'^) such that 


tr 




and tr 


m(a) 


where M(A) = 4 - 


B(B+1)5 

( 35 ) 


- tr 


B^(B+l) 

- (54r^ 


= ( 


When such A,B e exist a(X) = (Z+A) f(Z;A,B) f (Z;A,B 4 - 1)(36 

where f(Z;A,B) = + ABZ + A^ [T^/A^ + B(B-fl) CVM-B^+1)L (57a) 

V'heing either root of the quadratic Z^+Z+M(A)[B(B+1)3*’^ + 
[I^/A^] + [ 3 ( 3 + 1 )]^ (57h) 


It can he seen that the existence of a ’B' that satisfies (34) 
depends solely on the values of M(A) and trEl^ /A^]. Accordingly 
we define 


I Cj_ = [h e Gi’(2^) 3 B e Gi'(2^) that satisfies when 

M(A) = h and tr(.!r„/A^) =1? and ':^(Z) = n; (Z+ri),i = 

-* ^ T) e ■ 

By definition of (56) * B e G-I'(2°) satisfying (34) for given 

7 

A, 1^,1^ iff ^(M(A)) = 0. (38) 

where i = tr(I /A^), (Z) can he expressed as a product of 

minimal functions of appropriate field elements. 



Tiieorem o j Z, the minimal polynomial of aero is a. factor 
of 4^(Z) but not a factor for'^(X), That is 0 e 0^ and 0 
0 ^. 

Theorem 4 says that is a root of o-(X) iff e = e + 1. Thus 
e = 5 results in two cases i.e. e = 4 and e = 5. Fiod 
whether or not a satisfying ( 34 ) when A = S^, i.e, seeing 
whether or notY^(M(S^)) = 0 where i = tr(T^/S^^). If so, 
then for any such B 

cr(Z) = f(Z;S^,B)*f(Z;S^, B+1), e= 4 (59) 

where quadratic ^f^ is defined by (57). If not then 

cy^(Z) = (Z+S^+A)'f (Z+S^; A,B).f(Z+S^; A,B+1) e = 5 (40) 
for any A,B, e GF(2^) that satisfy ( 54 ). 

2. 5*3 The final VDH-B algorithm 

From the discussion of error-locator polynomials of 
transformed cosets an algorithm results for finding o(Z) an 
error-locator polynomial with syndrome Sf whenever the maximum 
coset wei^t is 5. 

YDH-B Algarithm for Decoding of 3- error correcting bp 
BOH a>ae = 5) 

Define cr( *) , •), M(-) and f ( •) respectively by 

(29), (58), (55), (57). 
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Step 1 i Oompute and = S^ + If ^ 0 

or ^0 GO TO Step 2. Else set, cr{Z) = 2 + 82 ^ and 
STOP. 

Step 2 ; If tr[(T 5 ^/T^ 5 ) + l] =1, GO TO Step 4. Else. If 

a(S 2 _) = 0 and trCT^/S^^^) = 0, Set cy(Z) = X^+S 2 _X + (T^/S 2 _) 
and STOP. 

Step 3 i If a(X) Eas three roots in GE(2“^), Set a(X) = oCZ+S^^) 
and STOP. 

Step 4 J iet i = tr(T^/S 2 _^). If ^ 0» TO Step 6, 

Step 5 i Set A = S^^, find B satisfying ( 34 ), Set cr(Z) = 
f(x; Sj^, B). f(x; Sj^, B+1) and STOP. 

Step 6 : Bind A such that ^|^[M(A)] = 0, find B satisfying ( 34 ) f 
Set o(X) =(X+S 2 _+A) f(X+S 2 _f A,B). fCX+S^^HsA; A, B+1) and 
STOP. 

The assumption that maximum coset weight e„„^ = 5 assures 

Iu.8>X 

that A and B with required properties can be found whenever we 
reach Step 5 or Step 6. Implementation of VDH— B algorithms calls 
for a foolproof method for finding a ' b' satisfying ( 34 ) whenever 
Step 5 or 6 is reached. In the next section we talk about the 
software implementation of a (31» IS) bp BGH decoder by means 
of BerleZamp and VDH-B algorithms. 
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2.4 Software Implementation 

Both the algorithms described earlier in this chapter have 
been simulated on IBM 7044 for a tripple error correcting 
(^ly 1 ^) boh code. Ihese decoder programs accept as data, 
an erroneous code word (received word). The programs correct 
all combinations of three or fowor errors. The received words 
required as data to decoder simulators have been generated by 
two programs. The first of these is a ( 3 I, 16) BOH encoder 
sim-ulator program which accepts 16~bit binary soquonc« 3 as 
message sequences and generates a BOH code word of length 3I. 
The second program gei^^erates error vectors. These are 31-bit 
binary of tuples with weight 3. Use of a random number 
generator available in IBM 7044 subroutine library is made, 
for getting the binary error sequences. The output of 
encoder program is added in each position to error vector 
modulo 2. The resulting received words are fed as data for 
decoder programs. The time taken for decoder simulator 
programs for correcting single, double and triJSple errors has 
been computed for both BerleKamp and VBH— B algorithms. It 
was found that the simulator which uses VDH— B algorithm 
affects faster correction for the code used, A table of 
comparison of times taken by both algorithms appears in 
Table 1, Pigures 1 throxagh 4 give the flow charts of the 
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Table 1 


For 

(31,16) bp BOa Oode 

e 

t^(sec) 

1 

BE 0-053 

vm-B c-o4i 

p 

BE 0-674 

c. 

VDH-B 0606' 

5 

BE 0-763 

VDH-3 


encoder program, random error sequence generator program, 
BerleKamp’s algorithm and VDH-B algorithm respectively. The 
flow charts are self-explanatory. In case of TOH-B algorithm 
an attempt to correct 4 and 5 errors in received word is f ound & 
result always in an ambiguity for the code used. This is 
explained in the next section. A table of traces for elements 
of G5'(2^) appears in appendix I. Simulation programs follow 
from Appendix III. 

2.5 Ambiguities in VDH-B Algorithm 

The fact that an attempt to correct a received word with 
four or five errors using VDH-B algorithm results in ambiguity 
has been illustrated below by means of two examples. One 
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exai-iple has been oonsiderod in each case. The algor it iin 

results in two error-locator— polynonials of nininal degree 
4 or 5 in cases where the codeword is corrupted in four and 
five places respectively, . (31,16) BOH code is used. 

Example 1 : 

Consider a BOH code word G = (0000000000000000000000000000000) 

let the received word be S = (1000000000100000000010000000001) 

IP PO P 

Computing syndrome S = (S^,S^,S^) = (a , a * a ) where 
'a 'is a primitive element of GF(2^) 

29 8 

Computing transformed syndrome t = (0,1^,!!?^) = (0,a ,a ) 

How we proceed to apply YDH-B algorithm to find a cr(X) of 
minimal degree . 

\^(Z) ,S|/^(X) are defined as in Appendix II. cy(X) = + a^^X + oP 

Step 1 ; 0 CO 10 Step 2 

Step 2 : Tr[T^^/T^^ + l] = Ir[a^^] = 0 \ Proceed 
ff(S3_) =0 

Tr[l^/S^^] = Ir[a^'^] =1, Proceed . 

Step 3 : A search for roots of o'(X) = X^ + a^^X + a® in CP(2^) 
fails. 

Step 4 J i = 1,M(S^) = + (T^^/S^^^) + {T^/S^ ) = f 

\^(a^^) = 0 Proceed. 

Step 5 J A = 

Search for a B e CP(2^) that satisfies equation ( 34 ) 

2 

yields B= a 
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Oomputing y 'w® ge'b ^ or 

s/itii = <^ f o’(X) = (X+a) (X+a^^) (X+a^^) (Z+a^^) •wiiicii suggests 
to correct 2n.d, I4tii, 16th. and 24 positions of the 
received word^ on correction the resulting word f^^ = 
(1100000000100101000010010000001). It was 
verified that f^*H^ = 0, i.e. f^ is a BOH codeword. 

liflien Y = we have a(X) = (X+1) (X+a^*^) (X+a^^) (X+a^^) 
which tells us to correct first, eleventh, twntwenty-first and 
thirty “first locations of the received word. The resulting 
decoded word f^ = (0000000000000000000000000000000) 
fg'H^ = 0, i.e. is a BOH code word. 

Obviously out of f^ and f^ only one of then can be transnitted. 
Here it is f^. Hence the ambiguity stated is at hand. 

Example 2 : 

Consider the BOH code word 

0 = ( 10000000101111000100111000111011 ) 

let R = (0000000001111000000111000011010) 

S = (S^,S^,S5) = (a5,0,a^^) 
t = (0,a^^,a^^) cy(X) = X^ + 

Step 1 s T^ ^0 00 TO Step 2 

Step 2 : TrCT^^/T^^+1] = Tr(a^^) = 1, GO TO Step 4. 

Step 4 t i = Tr[T^/S^^] = Tr[l] = 1, GO TO Step 6. 
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Step 6 ; Find A and n G-F(2'') ’-rhich satisfy equation 

A search for a results in 
With A = a search for B results in B = 

+ /». = OC 

Goapute y 

y = or 

With V = we get a(x) = {Z+a^)(i:+a^)(l+a^) 

(Z+a'^)(X+a^®) 

i.e. Errors are in fourth, fifth, seventh, eighth and nineteenth 
positions of the received word. The received word R is decoded 
as f^ = (0001101101111000001111000011010) 

T 

=0, i.e. f^ is a codeword. 

xigain gives us 

a(X) = (X+l)(X+a'^)(I+a^^){X+a^^)(l4-a^°) 

Error locations ; First, eighth, seventeenth, twenty-fifth and 

thirty-first 

Decoded word = ( 1000000101111000100111000111011) 

T 

f^'H = 0 i.e, ±2^ is a codeword 

Once again we are confronted with an ambiguity to decide which 
one of the codewords f^^ and has been transmitted, 

A reason for this ambiguity can be that , the code used 
has two cosetleaders for each coset of weight 4 and 5» 
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This coHpletes our discuss ion on soft:ra,re inplenentation 
of BOH decoding. In the next cihapter hardware realisation of 
a prorotype encoder and decoder for (51,16) bp 3CH code are 
presented with detailed design procedure. 
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Ohf.ptep 3 

A PROTOTYPE EICOPER DECODER 

This chapter describes the design raid harO.ware iapli nen-tation 
of a prototype encoder and decoder schone for ( 3 I, 16) tripplo- 
error— correcting bp BCH code. The encoder enploys a 15~bit 
shift register with nonlinear feedback for parity bit generation. 

As in any conventional encoding schene, when all the inforiaation 
bits are fed in to the shift-register (and also simultaneously 
into the channel), the contents of the shift— register are the 
parity bits. The codewords generated by this encoder are 
systematic with information symbols (higher order first) proceeding 
the parity symbols. The prototype decoder first computes the 
syndromes and the implements Chien’s cyclic decoding algorithm 
[ 3 ] for the correction of all patterns of 3 or fewer errors, A 
5 7 dc supply i-e ' used, as the scheme has boon implemented using 
TTl lO’s, Since the outputs of both encoder and decoder are to 
be displayed on the ORO, a repetitive pattern is generated by 
processing the sameword. The important factors for selecting a 
code are its minimum distance and rate. For larger error- 
correcting capability very long codes with a large minimum 
distance are preferable. But such encoder and decoder schemes 
are complex and costly. For codes of shorter length the rate 
become unacceptably low. For tri|ple-error-correction, a 
( 31 , 16) BOH code has been selected keeping in view the amount 
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of harclL-rare to be built and also the rato of tlio oodc. TJais 
code has a reasonably good rs^to (k/n = 0.516). k nininun 
distance 7 is assured and Ixenco tiio code corrects all possible 
patterns of ot fewer errors. A correction CR,pability of 
3 or errors is opted, for the code can be used for a noisy 
cliannel with = O.I382. In a topical application two 
standard POM words (of 8 bits each) can be encoded as a block, 
Ghien’s cyclic decoding algorithn [3 ] is chosen for the 
decoder mainly for two reasons. One is that the required Ic^ic 
is designed for binary relations and not over GP (2 ), The 
other reason being automatic correction. By this it means 
that after syndrome computation error-locator-polynomial is 
not exclusively computed as in the case of BerleEamp or VBH-B 
algorithn. This makes the decoder fast operating. The hard- 
ware cost is also slightly less than that implementing other 
algorithms. Hence the choice of the algorithm for hardware 
realisation, 

3.2 Hardware Implementation of {3I, 16 ) bp BOH Encoder 

The generator polynomial of trif pie-error-correcting 
C3I, 16 ) bp BOH code is 

g(X) - m^(X) m^(X) ni^(X) where n^iZ) = 1 + X^ + X^# 

m^(X) = 1 + ^ ^ ^ f 

n^(X) = 1 + X + X^ + X^ + X^, Therefore, 
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g(Z) — 1 + X + + x^® + x^^ + x^^ 

( 1 ) 

iliis docidGS the ITItE'SB. (nonlixictir fsodback sJaifi;— rcgistei’) 
circait needed for cheek digit generation. The encoder shown 
in Eig_, 5 consists of the following ; 

1. A 1 MHz systen clock 

2« A 5—hit binary counter to generate the required control 
signals 

3, A 16-bit buffer register with parallel load capability (for 
repetitive operation) to hold the infornation sequence 

4. A 15-bit UliE'SR (nonlinear feedback shift-register) circuit ^ 
wired according to g(X), for parity check generation. The 
buffer register is connected as ring counter ( a circular 
shift for every clock cycle) so that after 16 clock cycles 
the contents of the register are the sane as in the start. 
This enables the repetitive encoding of the sane infornation | 
sequence as stated above. The encoder operates in two phases 

16 bit infornation sequence rs loaded into the bxaffor register 
parallely- 

Phase 1 t The contents of buffer register are shifted serially 
into the channel as well as into the NliSSR circuit, higher 
order bits shifting first. After 16 such shifts (16 clock 
cycles) the required parity bits are generated in the NIPSR 
circuit. Here phase-2 of the encoder operation starts. 
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Piiaso 2 t The feedback in the NliPSR circuit is broken at 
the point ’L’ shown in Fig, 5# i.o, the riessage sequence is 
inhibited and a zero is placed at point How the check 

symDols are shifted into the channel with higher order bits 
entering the channel first. This requires 15 shifts and 
in the next clock cycle the FliFSH flip-flops are cleared. 
Encoder has conpleted encoding one block of infornation and 
ready for the next block,- Phase 2 ends here, Bea? Both 
phase 1 and phase 2 requireA 52 clock cycles in total. Because 
of 52 shifts the contents of the buffer register are sane as 
in the beginniiig and again phase 1 and phase 2 are carried out* 
Thus the output of encoder is a repetitive pattern of period 
equal to 52 clock cycles. This codeword output can be 
easily displayed on the ORO. The conplete tilling diagran for 
the encoder appears in Fig. 6 , The encoder is tested for 
various inforna,tion sequences generating valid BOH codewords, 

5,5 Considerations for Decoding Algorithn [3 ] 

5 , 5,1 Use of cyclic property to find error locations 

Consider the error— locator— polynonial of degree t 

where ^.'s, 3 = 1»2, ..,., t are error locations, low 
3 
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t 

^ •! 
0=1 ^ 

t 


^2 = t Pv 
0 ^ 

'^3 = 


and so on 


(3) 

(4) 


^t = ^1^2 




(5) 


If (d = l»2,.....,t) are transforned to = ap^ wlaore 
a is a primitive element of GF(^), one can define a new 
set of S^’s as functions of p.’s in the same way as in (2)» 
Uj^’s are homogeneous suns of square free products of roots of 
order Hence the C 5 j.’s and ^’s are related as 

h 


— oc (h — l;2r****}t) 


( 6 ) 


In fact p. are the roots of the polynomial 

^(X) = X^ -h 0*2 ^ + 0*2 X +•••• + (T) 

After transformations 

pj = J t (8) 

i = 0,1.2, .....t (9) 

Since n = 2^-1, in GJ'(2°). Hence the powers 

never exceed n = 2 -i* 
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If LiQBjiB are tiiere to find ".rhetiior or not ’O xjr.rtioula^r oleiient 

of GF(2 ) is a root of the polynonial ^(x), all its roots 
con bo found by counting and by succossivo transfer nations. 
For simple inplonontation of circuits tho unit oleacnt is 
choson to be the element to bo detected. When a° = 1 is a 
root of we note 


= 1 (K = 1,2, ....,t) (10) 

and C(l) = 1 + + .... + = 0 

t 

or a-r, = 1 (11) 

K=1 ^ 

If cr-^ = 1 after ..... shifts respectively liie 

n-xi . ^■'^t 

roots of are a , a . This 


procedure of finding roots of ^(Z) leads to simple inplenen- 
tation. Thus we are able to find error— locations without 
exclusively solving "^(Z) = 0. 

3 . 5.2 Decoding algorithn 

For applying cyclic decoding algorithn it is necessary 

only to see whether or not is a root of ^(Z), i.e. 

whether 0 ,^ = 1. 

K=1 

Newton's identities (Chapter 2) are stated below for ready 


reference 
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Sr- "{“ 0-, S . -|- 0^S_ 4-0S 4-0 S -♦-0 =0 

5 14 25 32 41 ^ ^ 


( 12 ) 

(15) 

(14) 


Here ct^jCT^j • • • • • > Q- 2?e unknown and 0^ = 0 for i ^ t + 1, 

THe prolDlen of BOH decoding boils down to solving the 

equations for cJ^'s once the syndrones S^,S^, »^2t-l are 

conputed. One can proceed to solve (12), (I5) end (I4) using 
Matrix methods. In matrix form 

Ao = B 


whore 


A = 


: — ’ 


r' ^ 


r- -n 

; 1 0 0 0 : 

' i 

■^1 ' 


,^i- 

S 1 0 







^5 


• 


fB = 

• 

and; 

• 




er=J 

if 

• • • • 


[ • 

i 


: • i 

: • ♦ • ♦ ^ 


[ • 


; • 

: ^2t-l ^2t-3 ^2t-4 


^2t-3 

— ^ 

► ' 



(15) 


If is not zoro^ ¥g can write 

Ok = "1^ ^2i“l (k = l,2,3»»**»'fc) (16) 

where A. , (k = l,2,....t) are the co-factors of the doter- 

i ■ ■ 

minant If is a root of (X) then = 1. Bs' 

substituting for c^’s in (16) we get 
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t 

c 


1 W ^21-1 Ai,E =1 


A. 


(17) 


As ji. is independent of Z we writ e( 17) as 


t t 

z=i Si 2i--i i,z 


- \A\ = 0 


(18) 


Since tlie cliaracteristic of G-P(2“) is 2, it can be easily 
shown that (18) is equivalent to setting the deterninant 
to zero , where 




1 

S, 

s" 


1 

1 

s. 


1 

0 

s. 


It was shown by 


|^2t-l ^2t-2 ^2t-^ 
" Peterson that 


1 

0 

0 

0 


s. 


(19) 


't-J 

0 when the S^’s are 


2t-t •••; 

power suns of ’t’ or '(t-1)’ distinct roots and |AJ = 0 when 
S^^s are power suns of (t-2) or fewer distinct roots [lO]. 

If iA|, = 0, one can delete the last two equations and end 
up with (t-2) equations in 'f unknowns. Thus the decoder 
operates in different nodes depending on the size of tbe 
largest non— vanishing deterninant. The relations such as in 
(19) are reduced to a set of ’n» binary relations. The 
circuits are design for these binary relations and not in 
GrP(2^)* Ihis algo rithn make a good use of syndrone generator 
circuits, for error-correction phase. 
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5.4 Hariware Inplenentatioii of a Prototype (5I, 16) bp BOH 
Decoder 


A block diagra]'.! of a cyclic decoder for a trij^ple-error- 
correcting BCH code is shorn in Big, 7. Ihe decoder blocks 
are 


1. A 1 MHz system clock 

2. A 31-bit buffer-register to store the received word fitin 
the channel 

3. Syndrome generator circuits for Sj^,S^,S^ with associated 
control logic (Pigs, 8 and 9) 

4. A cyclic error-location-unit (CBID) which generates liie 
error-pattern accepting the syndrome digits as input 
The determinant ^ and |Al of last section for a 

tri^ple-error-correcting code are 






1 1 


0 

s. 


0 

1 

s. 


(S^ + + S^^) + 


S^Cl+S^+S^^^Si^+S^ 

35(1+33,) 


) + 

(20) 



( 21 ) 



/A/Poiis 



V) 

Cl 

o 

•J 

u, 

Cl 

M. 


Q? 

0 

o 

> 

% 

X 

2 

s 


b 

b CD 


i 

ri 

u.. 

^0 

IJlT 


i 

In 

U 




■^mCiJlT ^B^£^A~B.S CONTR.QU SlByNAi,^ fo/l SVNORo/^iC <h£^£.^AroM. 





RAPTORS- 




TJao condition required in error correction is A = 0 in case 
of 5 errors, 

(aJ ^0 when 2 or 3 errors occur in tlie received word 
= 0 wiien a single error occurs in tiio received word 


as in case of single error S_ = 

3 1 


All the computations in decoding are in GrP(2^) for the (31,16) 
code selected. e 0-^(2^) for i = 1,3,5. The elements of 
G-F( 2 ^) are rei^resented as binary 5 -tuples the following re- 
presentation is used. 


— ( a.Q , a^ > 9'2 ♦ * ^4 ^ 

®5 “ 


where i = 0»1» 2,3,4 are 

from Gi'( 2 ). 


3 •4. 2 Operation of the decoder 

To start with a received word of length 31 -bits is 
loaded parallely into the buffer register. The register is 
connected as a ring counter (last stage output to the input of 


1 st stage) for the sane reason as explained in the case of 
encoder. The whole decoder can be described as a 62 -state 
sequential machine and worts in two phases, each of 3 I clock 
cycles duration, ]fow the operation of these phases follows : 


Phase 1 : Contents of buffer register are circularly shifted. 
Uixs infact means that the bits from the channel are entering 
the buffer register as well as three syndrome generator circuits 
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(xig, 9> wired "bo divide tlio incouiag received polynonial 
'by n^(X), n^(Z), n^(Z) rospoctivoly , At the end of 31st 
shift the syndrorie generator flip-flops contain the syndrone 
digits corresponding to S^,S^,S^ respectively, There are 
15 syndrone hits with their conplencnts available for use. 
These outputs drive the OEIU circuit. We can describe the 
state of decoder at the end of 31st shift as follows ; 


1. The same received word is available in the buffer-register 

2. Syndromes S^(aQ,aj_,a2,a^,a^) , S^Cb^jb^^b^fb^^b^), 

^5^°0'°1,°2'°3*°4^ with all a^, '°3»®4 

are available. 

At the end of 31st clock cycle the phase 1 is completed. 

Phase 2 starts with the raising edge of 32nd clockpulse. 


Phase 2 ; Input to syndrome generator is presented with a zero 
by using a suitable control logic, at the aad of phase 1* As 


long as zero input is maintained the syndrome generators are 
simple aP(2^) counters, the S^-gencrator counting the sequence 
Si aS^jtt^S^ a^Sj_,S^-generator the sequence S^,oc^S^, 

a^S and so on for each clock cycle the contents of 

5 B 5 

S, ,S, and S^ are multiplied by a,a^,a^ e GP(2^) respectively. 
1' 3 b 

This counting operation is shown in Pig. 7 as GP multipliers. 
This is equivalent to transformation explained in 

the previous section. Such transformation is taking place on 
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on for each, such ‘transforaation ’CELU’ circuit 

produces a »!' or a ’O', During iDhase-2 also sliifting is 
hoing carried out in buffer register (but not into syndrone 
gonorators). as a bit cones out of buffer ’OBLU' circuit 
produces a ’1' if the bit is in error and produces a *0’ if 
the out coning bit is not corrupted. This process takes place 
for 31 clock cyclesfron the conpletion of phase 1. During 
this tine the output of 'OELU' is a 5 I- tuple of wei^t equal to 
'e' where ’e’ is the actual no, of errors occur od in the 
received word. The output of buffer-register is added to 'CEIU* 
output nodulo 2. This results in conplenonting the buffer 
output whenever 'OELU' produces a 'l'» i.e, when the outconing 
bit is in error. Thus correction take place in phase 2, At 
the end of 62 nd clock cycle phase 2 is coupleted. 

At this stage once again the sane received word is in 
the buffer— register, phase 1 and phase 2 are carried out 
alternately, resulting in a- repetitive processing of the 
received word. Testing of decoder is done by feeding different 
words with different patterns of errors. The decoder does 
correction whenever the received word is corrupted in 3 
fewer locations, A detailed design and logic functions 
realised are presented in the following sections. 
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3.5 Syndrome G-enerator 

Tlie non— zero eloiiGn'fcs of G-P(2^) are rexireseiifed by 
powers of ’a’ where ’a’ is a root of tiie irreduoible 
polynomial 1 + X + X over tho ground field. Bach power of 
'a' is given a binary 5-tu.ple representation (Appendix Il»). 

Prom the definition of syndrome S. = R(a^), j = 1,3,5. 
Circuits to evaluate S.(a), P(a^), R(a^) in GP(2^) are 
designed. For each of Sj^,S^,S^ a nonlinear feed bach shift- 
register, wired according to n^^CX), n^(X), m^(X) respectively. 
Here ’R’ is the received word which enters the syndrome 
circuits with higher order bits first, ikfter 3l“Shifts the 
circuits contain the syndrome digits. She syndrome feedback 
e equations are given below. These are GF counters with a 
polynomial *R' entering as an input, (Fig. 9). 

For S^ = (aQ,aj^,a2»a^,a^) for ^ = (Cq,c^,C 2 »c^,c^) 

a^Ct+l) = a^(t)^R(t+l) CQ(t+l) = CQ(t)<®c^(t)#R(t+l) 

a^(t+l) = aQ(t) c^(t+l) = c^(t)^^(t) 

a2(t+l) = a^(t)^a^(t) C2(t+l) = CQ(t)^02(t) 

a^(t+l) = a2(t) c^(t+l) = 

a^(t+l) = a^(t) G^(t+1) = C2(t)0c^(t) 
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Poi* ) 

= b^Ct) ^R(t+1) 
b3_(t+l) = b^(t) 
b^Ct+l) = b2(t)^b^(t) 
b^(t+l) = bQ(t) ^ b^(t) 
b^(t+l) = b^(t)®b^^(t) 

If R=0 , for each, shifty contents of are nultiplied by ’a’, 
contents of by ’a^' and contents of by 'a^». Ihis can 
be seen by means of an example. 

2 ? 

Ex.; S_ = 1 0 1 0 1 = a and let E = 0 

5 

Shift the contents of S circularly once. Eow using the above 

3 

equations values of bQ,..,.. b^ can be computed after the 
shift operation. If we do this 

bo = ^2 ~ ^3 ~ ^4 ~ ^ 

Hence contents of ’S_* after shift operation are (10 0 11) = 

3 

Thus this counter counts in steps of 'a^*. 

The syndrome generator uses D— flip— flops and EX— OR gates (for 
feedback). The syndrome generators are cleared after 
correction phase for computing syndromes for next incoming 
received word (here the same word ^ processed earlier). 



fr i \i‘ o Cf s 
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3.6 ’OEIiU’ Design (Eig, 10) 

The cyolic error location vinit consists of conbinatcrial 
circuits which produce a ’1’ when = 0, |h| = 0 and when 

= 1 connected as shown in the block diagran of cyclic 
decoder (Eig. 7). 

GE nultiplication of any two field elenents and 

(yo»yjL»y 2 *^ 3 *^ 4 ^ is realised by a 10- input conbinatorial circuit. 
The logic required for all these circuits is given below. 

3.6,1 Circuit for detecting = 0 state (Eig, 11) 

~ ^^0*^1* 2* ^3* ^4^ 

= (Pg,P^,l2,P3.Pp 

It can be shown that the following hold 

j 

LOGIC EOR Pq, . Pq = mU(a^,a2fa^) ^a^a^^ 

P^ = aQ*(a3_©^a^) ^a2®a^a^a^ 

P 2 = a^(a^® a2^a^ 

P^ = ^1^ ^2*^3^ ^0^2^ 

P^ = M4J(a^,a2ta^)^MAJ(aQ,a2»a^} 

0 + a-Qa^) 

LOG-IC FOR 

Go = *^1 " ^l^^l^ ^^2 " ^2^^2' % ^ ^3<ai^3? ^4 == ^4®^ 




; J t 
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OUTPUT IS ii LOGIOAL ’ 1 ’ WHEN = 0 and otherwise a 
logical ’O’. Hence 

5 * 6,2 Circuit to detect 0 (Pig, 12 ) 

) + ( 1+S^+Sj^^+Sj^^+S^ ) . S^ + (1+3^) *8^ 

let (l+Sj+S^^+S^^+S^) = (h.Q,ii^,li 2 ,li^,ii^) 
log! c 

^0 = "^ 4 ^^ 

® 

II 4 = a2®a^®4^ 

The elenents (h^jh^jh^fh^,!^) and (TDQ,'b^,'b 2 »^^»^ 4 ) s-re aultiplied 

using a GP nultiplioation circuit to realise the second tern 

( 1 +S^+St ^+St^+S„)^S_ in the expansion for • Let 
i J. 1 5 5 

(1+S^+S^2+S^^+S^)*S^ = 

^5 = 

Anotliei* GrP multiplication circuit is used to get the tern 

(l-fSj^) == (uQf Uj^f U 2 f f ) 

(S^ Vs^^+S^^) is generated by a 5 input - 5 output conhinatorial 

• Lot ^ 3^4 ^ 3^6 ^ 


network 
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LOaiG 

^0 = f ^2 = 

= a^®a^e-Pie^3 ; 

and 

^"^0* ^1* "^2* ^3* 

LOGIC 

Yi = for i = 0,1, 2,3,4 

Output should be a logical ’ 1 ’ when = 0 otherwise it is 
a logic zero 

iA^= Yo U ^2 S u 

3 . 6.3 Circuit to detect = 1 state (Fig. 10) 

5 

Here ' 1 * is the unit element of GF (2 ) and has representation 

( 10000 ) 

^1 ~ OUIPUI = aQa^a^a^a^ 

3 . 6.4 GF multiplication circuit (for multiplying A and B 

e GF( 2 ^)) 

A = ixQ,x^,x^fXyX^) 

B = (yo»yi»y2'^3"^4^ 

Lelj ijhe producli of ’tliese elonents he anotiior elBUBixt 
0(1^,1t ,l^,l_,l.) e GF( 2 ^) then the followiiag combinatorial 
logic can be arrived at 









58 


^0 ^ 

Ig = xIqJ 2^^!^ ^2^ 0^ ^2^3^ 2^^^ 4^4yi'®^4y3^4y4 

1 3 = V3®''l^2^''2yie^/4^V0^V3^V2^4y4 

14 == 

The circuit realised by means of AITD and EZ-OR gates is shown 
in Fig. 13. 

3 *6 .5 Sumary of hardware realisation 

(15x11) cn 

For the encoder 2 PCB's of size ( / ) are fabricated one 
for the buffer register and control logic and the other for 
parity check circuit. EBgS '- op o ^y is^= thc : :- mhtc nh^ fe e ^ '/ 

(12.5x16. 5 )cEi 

For decoder 6 POB's of size { £ ) are made. The ciraiits on 
each POB is listed below i 

Oard 1 J + S^^ tern and also jhj = 0 

Card 2 and 3 : ffF(2^) Multiplication of any two elenents 
Oard 4 t ’ A'= 0 circuit and final section of GBLU 
Oard 5 t Received word buffer (31-bit-shift register) and 
control logic 

Oard 6 s Syndrome Generator circuits 
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3.6.6 List of 10 ’s u.sed : 



10 Ptmction 

10 Bo. 

1. 

Shift registers 

SB74198 

2. 

Binary counters 

SB74161, SB7493 

3. 

D-flip-flops 

SB7474 

4. 

J-K-f lip -f 1 op s 

SB7473 

5. 

BZ-OR Gates 

SB7486 

6. 

Band Gates 


i 

2-input 

SB7400 


4-input 

SB7420 


4-input buffers 

SF7440 


8-input 

SB7430 


4-input Schmitt trigger 

SB7413 

7. 

ABD Gates 

SF7406 


2-input 


8, 

BOR Gates 

SI7402 


2-input 


9. 

A-O-I Gates 

SB7451 

10. 

Full Adders 

SB7480 


E or more details of the 10 ’s refer enoe is made to any IIL 


DATA BOOE 
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Oiiapter 4 
GOi^'OID'SIOiTS 

This chapter analyses the results reported in the preceeding 
chapters. Simulation results of two decoding algorithms, due to 
BerleKamp and VDH-B, showed that VDH-B algorithm is faster and 
superior to BerleEamp's algorithm. Since most of the digital 
data processing these days is being done directly on a general 
purpose computer, the simulation programs developed in fact 
realises such a system. The simple design procedures in case 
of Ohien’s cyclic decoding algorithm has been demonstrated in 
hardware implementation of the decoder. This algorithm is 
faster compared to BerleEamp’s algorithm as one does not need 
to compute the error-locator-polynomial exclusively, ^ioh 
require complex logic, BerleKamp's correction procedure needs 
the computation of the inverse of an element of GrF(2^) which 
is quite involved, needing sequential logic, where as it is 
not needed in Ohien’s algorithm. Cost wise also this algorilhm 
has an edge over BerleEIamp's algorithm as most of the circuits 
use simple logic gates and D— flip-flops , A proto-type encoder and 
decoder have been built for a (51,16) tri/ple-error-correoting 
bp BGH code. The approximate cost of the system is nearly 
te.6000/-. A testing of the system suggests that the prototype 
can be very easily modified for practical applications like 
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’source encoding'. In designing the circuitry, enplaasis 
was on using an optimuB number of digital Id's and it is felt 
-that the design made conforms to the minimum chip realisation 
of the system. 
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Appendix I 
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0 
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1 
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0 
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0 
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0 

0 

1 

0 
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a® 
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1 

1 

0 

• 

0 
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1 

0 

1 

1 

1 


1 

0 

0 

0 

1 

1 

all 

1 

1 

1 

0 

0 

1 

C\J 

H 

0 

1 

1 

1 

0 

1 

15 

a 

0 

0 

1 

1 

1 

1 


1 

0 

» 

1 

1 

1 

0 


1 

1 

1 

1 

1 

0 

16 

a 

1 

1 

0 

1 

1 

0 

17 

a 

1 

1 

0 

0 

1 

1 

00 

H 

1 

1 

0 

0 

0 

1 

^19 

0 

1 

1 

0 

0 

0 


0 0 110 


1 

contd 
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ilpp endi x 1 ( co nt d , , , ) 

BIBI'fflNT BBTART EEPRBSBSrTATIOF (7S’(2) TRACE 


21 

a 

0 ,0 

0 

1 

1 

1 

2? 

a 

1 

0 

1 

0 

1 

1 


1 

1 

1 

1 

0 

0 


0 

1 

1 1 

1 

1 

a25 

1 

0 

0 

1 

1 

0 

C\J 

1 

1 

1 

0 

1 

1 


1 

1 

0 

1 

0 

0 

a28 

0 

1 

1 

0 

1 

0 

a29 

1 

0 

0 

1 

0 

0 

<x30 

0 

1 

O' 

0 

1 

0 
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Appendix II 

^^(1) , PilODUGIS OP MUIMAL POLYNOMIALS CF GP(2^) 

IS MINIMAL POLYNOMIilL OP 
TABLE 2 


1 

_ 2 - s 4 

A ... 

Kf^U) 

1 

4 : 

, X nQ{Z)n^(X) 

n^^Cz) 

5 

^ Z n5(Z)n^^(Z)n^5(Z) 

n^(Z)ri5(Z)a7(Z)a3j^(Z) 

6 

(Z^'^+Z) ( Z)n^^(Z) 

(Z^^+l)/n^(Z)n^(Z)ng(Z) 

7 : 

Z^^ + 1 i 

Z^^ + 1 

a^n^l2 ; 

f Z^"*"^ + Z, n = 2 “ - 1 ; 

Z^ + 1 , n = 2 “ - 1 




iMP^}:nA^T DEFINITIONS 


CF GALOIS FIELD USED 

P --- CRcifj Of Tf,| GALOIS FIELD USED IN CCNPuTATIONS 
i'l — It-NGTH OF THE COOEMORO, 


lUNuER OF INFCrNATION SYMBOLS! filTS ) , 
NUMBER CF PARITY 'CfiECK SYMBCs(BITS) 




^^a‘3,K*l6,N«31|CN“KJ»15 FCR. THE ■ S^ArY/ ,P,| lMTJ.iy£,JCH,,,CODE,;,U^^^ 
PCI) :0- FLIP-FLOP CARRYIN®^ I*TH PARITY SIT. ' . 


A BLFFER REdlSTER 




IN FORMAT I UN SEQUENCE 


8CH cOOEWQRO PRCDUCiD BY THE ENCCDER 


YOU 


INTEGER PC ISIfRtLSI, 


DATA MN/lGY 


OC 1 IR ■ TfffN 

THE MESSAGE BLOCK IS READ 


REAOlOfCMCIt) 


PARITY BIT GENERATOR INITIALISED TO, ALL 


DC h U • Ifl5 ^ ■ 

PCiX) * 

riiL .-'.ss/ves sesue'nce'^s .“'tk 

S IKUl rWlEOLly .’liFTER ni' SUCH, SHI Fi^J|^X^«NTS W:;t: 

‘H'’I1Y generator ARE TFE RECUIREO JAWtt^BJTS-^, ^ 




Bffifes 


Sllli 


MC!J2{i^(L-l) + P(15) ) 


2 (1) = 

'.(2) ■'•Ci2 2 (R (1)+P{1) ) 

(iUi)+P(2) ) 

R(.U = ;'1CC2 (R (1) + P(3} ) 

2 C ^ 'M -'t ) 

.’C -} ^ MC22 {R {1)+P(5) ) 

R ( 7 ) -= P { 6 ) 

u :) = MCt2(R (1)+P(7)) 

= Mr02 (o, {U + P{8) ) 

U !. ; ) = MaDiCP(l) + P(sH 
■.UI,U = Pl.02( PC L) + P( 10) ) 

'>(i. >) - wipj2{ P(l)+P( 11) ) 

R ( 1 3 ) = P { 1 2 ) 

R{ 14 ) = P( 12) 

R( 1^) = P{ 1^) 

DO 3 K = 1, 15 
,3 !>{ :;) = R (K) 

L - L-1 

IF (I. .GT. 1 ) GC TO 2 

PP-'I TY f>IT GE^^RATICN IS COHPLeTE. 

P.4 7ITY BITS ARE SHIFTED INTO THE CHANNEL WITH HIGHER CPCEB 
21 IS E^'iTSRING FlPST, 

DC 5 H = I » 15 ' ' 

5 C ^ { ) = P ( 0 ) 

THC MESSAGE sequence AND ’ THE CORRESPONDING CGDEWCRD ARE PRINTED, 

P '? I ; ; T 3 0 » ( M ( I T ) » I T = 1 » 1 6 ) » { C V { J L ) » 3 L= 1 » 3 1 ) 

PARITY GeNERATOR IS CLEARED FOR ENCODING THE NEXT MESSAGE BLOCK, . 
ir^OCING IS CCMPlETE iNC THE ENCODER IS ReKV TC ENCODE NEXT H6SS«GE BLOCK 

7 CCNTINUE 
ID FCRMATI 161 1 ) 

3j c^CRr-ATI IHO, 10>f I6I2» I0X,3l I2) 


s rcp 


Ti-". CQRR.'SPONDS -TD THE FIGURE NO» 'I.' OF THE THESiS 

-ti" (;E .‘EKATES RANDO^I Bif^ARY’ SEQUENCES OF wE;GHr 'H* 

•Vi' L~’!GTH ,1* R(31) ;S THE ERROR \/6CT0R GEMERATEO^ 

::arGE' i) 

i )0 1 K = 

k(i<) = 


DU 1 " =- '»?' 

X = u ahoy:*, z) 

Y sG Y } 

J ^ Y 

ir{J EG-''. ') J = J + 31 
-■ ! J ) ^ i 

" , ( k { L) t 1=1 » 1 ) 

ruD. '\T rJRJ .\f 31 i 2 ) 


rnjAL T' 


■C ■ AGE 


3 9 U 
64 '6 


(T’MES ARE IM MILLISECONDS) 
AVAILABLE CORE 6117 


SYMBOL TABLE 


XXX XX XXX <XXXXXX ■;.xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx> 



THIS ROUTIfvE Cilf'^PUTES THE SYNDROMES S 1 , S2 » S3 , S4 , S5. 

S U : ; . V: U T ! N £ S D R 0 M E ( N R , N H T , N S , N S 1 , IM S 2 , N S 3 , N S 4 , N S 5 , N C L i N » L , K L ) 

Cif'E .SION ^R!N) ,NHT{HtL ),NS{L) ,NS1{KL) ,NS2(KL) , NS3 ( KL ) , N S4 (KL ) , 
I "] ') s L ) 

L,'-SG:3 KOCT 

Ki\CT = 0 
c; 1 I ^ itL 

j sin = c 
DC I J = 1,K 

L cnn = .NS( I)+KR( J)*NHT( J, I) 

DC' 2 K = IrL 

2 \S{!<) = ?r.:5 0LL2( NSIK) ) 

c : n I .) ^ = i » L 

IF ( ;;••( .ED. 0) KNOT = KNCT+l 

11 c - .T i .n-': 

n-(N.cn.n.i5i ncl = o 

iF( return 

c; 3 IX = 1,KL 

IP .= IX+5 

ig = ix+io 

vSU IX) = NS( IX) 

■\>n( :x) = NS( IP) 

3 XSS( IX) = NS( IQ) 

CALL GHfMNSl»NSl»NS2,KL ) 

CALL GF’’ (NS2,NS2tNS4,KL) 

^ . rn -Y ‘ 



# 


U L T C R FDR B C H 

B e R L F K A M P # S 


DECODER USING 
ALGORITHM 



PH OCR AH 



P' 1 ! *' 'P RV (31 ) »HTC Til .ic) ,S (15) ,S1(5) »S2(5) ,83(5) ,S4CS) .S5(5) » 

:P:. W F L P ( 5 ) . SL 1 ( 5 ) . St. 2 ( 5 ) , RL 3 ( 5 ) , TUO ( 5 ) , TUI ( 5 ) , TU2 ( 5 ) . TU 3 ( 5 ) . 

? ‘f f ('■•) .1-^(5) ,nTr- (5) ,STG0(5) .SIG1(5) »SIG2(5),SIG3(5) ,AL1 (5), 

3 Ai. D (! . . AS. 3( IP . ARr .:t; ) . S.l (A ,5 ) . DELO (5 ) . DELI (5 ) , DEL2 (5 ) . DEL3 (5 ) , 7E (5 ) 

4 p; r f.) ,r^r {^>) ,Rt (5) ,q?(5) .R3(5),R(5) .CL 
’•'M/, At 1 . AL2. At,.3/n ,1 .5«0 ,1 ,5«0.1 ,0/ 

!!ATa 7C ,0K‘P/5»D .1 . 4«0/ 

PPArFr , ( (FT ( I . J) , j = 1 . 15) , 1=1 .31) 

Rf-Arr-' , (HV (N) ,K=.1 .31 ) 

SYMB-Pur rOHPUTATTCN 

CALL FTROHECRV, HT,S, SI .S?. S3. 84,55.31,15. 5) 

PHTMi nr , (SI ( I ) , 1 = 1 ,5) 
pf? IF 11 nr , (S? ( j ) . j=i . 5) 

PFIM1 nr . (S3(K ) ,K*1 . 5) 
pw TNT 1 fir , ( S4 (L ). L=l. 5) 

PRTMirr, (S5CH),H = 1 .5) 

DO 11 n T J = 1. 5 
SoCI , fv. ) = CNE{ IJ) 

SJ(F, !J).S1(IJ> 

SJ{3 J)=S2( Iv ) 

"■;j(4.I^)=S3( IJ) 

Sw(5,lJ)=S4( Iv.) 

1C ?J(fi.!^)=55(Iw) 


+ 


C 




o o o 



CM OF FFROR-LCCATOR-POLYNOMI AL COEFFICIFNTS USING 
UF1>LFkAMP;^S ALGORITHH. 

CKAMP si. 0, SLl, SL2. SL3, ST GO .S IGl, SI G2 ,S IG3. TUO.TUl. TU2, 

1 TU 3 , pr. L n , r FL 1 , DF L2 . n FL 3 . ?F » ONE » A CC , RR , DI N , CL . 6 . 5 ) 

PFTM.1 nr,(SIG3(I ). T = l,5) 

PFTM M’.r, (SIG2( J) .J = 1 .5) 

FHlLTinr, (SIGl(K) ,K=1 »5) 

Pr.lMlHL, ($IGJ(L).L=1,5) 

'"*-rn;»NG THE ACTUAL NO. OF ERRORS OCCURED IN THE RECEIVED WORD. 

n (CL .FG.1 ) PRINT111 

IF(rL.EO.I) PRINT222 

IF (01. .FG .3 ) PRIN'T333 

if (Cl .FG.4) PRIMT444 

PRINTfo, (fiV(KL)»KL=.1.31) 

OHIF^. SEARCH AND ERROR CORRECTION. 

UAIL GH IEN(SIGO.S TGI .SIG2>SIG3,AL1,AL2.AL3,R0»R1 .R2.R3.R . 

1ARC,RV.31 ,5) 

RRINT^iO, {RV( JK), JK=1.31) 

PFCrniNG IS CORPt PTE FOR ONE RECEIVED WORD. 

2C FCRH'‘T{5!1»5X,5I1 .5X,5I1 ) 

3C FORMAT (31 ID 
«r F0R^^AT(3HC»20X,31 I?) 

ICO F0RNATClHn,20X,5I?) 

111 FCRHATC 1H0, 2nX/ * THERE IS ONE ERROR IN THE TRANSHITTED WCRD.«) 

??.2 FORNAT(1HO»20X. « THERE ARE TWO ERRORS IN THE TRANSKITTEC WORD.*) 


333 rORNAT(iHOf20X,* 

THERE 

ARE 

THREE 

ERRORS IN 

THE TRANSMITTED 

1 HCHD.fl) 

444 FGROAT( iHC,20X»« 

THERE 

ARE 

MORE 

THAN THREE 

ERRORS IN the 


1 TRANSHITTED WCRD.«) 
STOP 
F NR 



CM 


BFfH.f'!' A^'f ALGCPITHM TO COMPUTE LOCATOR POLYNOHIAt. COEFFICIENTS 
from Tfir: T'Y\nROMFS S1.S2.S3»S4,S5»S6 COMPUTED B Yj^SDRCMESROUT I NE 
SUBPM. TT^ f: RKAHPCNS.NSI, 0.NSL1,NSL2.NSL3.NSG0.NSG1 .NSGP.NSG3, 

ZNTn,M'i ,1^ T2,f'^T3,Mnn.Mnl .Nr?»ND3.NZ»NUN,MACC.NR, INDFt .NCI , N X , N ) 
OP-T:!- SI C^ '^S(NV. N) .NSLO(N) . NSLI ( N ) . NSL2 ( N ) , NSL3 ( N ) , NSGO C N ) . 
ZNSGH I ) . A N ) ,;vSR 3(N) .NTO(N) . NTl ( N ) . NT2 ( N ) . NT 3 ( N ) .NDO (N) . NDT (N) , 
ZND? {“ I - A FT ( -V) ,^7(N ) .N!!)N(N ) , MACC ( N ) , NR ( N ) , I NOEL (N) 

THIS rpivPiJTFR THE FRRQR-LGCATOR POLYNOMIAL 

IMTTAl SOLUTION 

r 0 1 I = 1 . K 

NSLfHI) -■ ''^7(1) 

NCLKH - V7(I) 

NSGf (1) - NS (1 , I ) 

NSGl (1) - 1/(1) 

NSGFfn r, N7{T) 

NSC3(!> = ^■7(!) 

N T f- ( I ) ' i / { I ) 

NT.1 C ! I r r.S (1 , 1) 

M = ^ 7{ n 
1 NT3( I > = N7( 1 ) 

MJ s ^ 

n G 3 J - 1 , N 
NSl.vKJ) = USLMvJ) 

NSLFfw) = NSLOCJ) 

NSM. f J ) = NS(MJ. J). 

NSLCf w) = NS(MJ+1 ,.j) 

IFCf'J.EC.D GO TO 14 
DO 13 I I - 1 .N 
NT3(LL ) = NTl (LL ) 

NT2(LL ) = NTOCLL) 

NTKLL ) = N7(LL) 

13 NTCCU, ) = NZ(LL) 

COMPUTATICN OF DELTAl (2K ) 
lA CALL CFPINSLO, NSGh.NDO .N) 

CALL CFPCNSLl ,NSG1 .ND1 .N} 

CALI rrP(NSL2,NSG2,Nn2,N) 

CALL r-FF (f;SL3,NSG3,Nn3.N) 

DC -I' K = a.N 

4 MACCfK) = N0rUL2 (Nrin (K ) +Nr 1( K) i-NDS (K I + NDSI K ) ) 

computation CF CFI TAl {2K) IS COMPLETED. 

K1 r L , ■ 

I FIMA CC (K1) .NE. Q) GO TO 16 
K1 = Kl-l 


15 


IF (K j . rF .r ) GO Tn 15 
IF(Fj.rC.i) KCL = 1 
IF{FJ.r-r.;M F'CL = ? 

IFCr.'.' r r. ) vr;l_ :: 3 
HFII.'F 

STAF"^ FF n:->r-QATION S I A ( 2K + 2 ) =S I GM A ( 2K ) + DELT A1 ( 2K ) »7«TQU ( 2K ) 
16 CAUL rF'-'CFACC.F’Tn.K'R.N) 

no !'• L l.K 

5 FSOOd) . ^■^■'■'rl,;l,2(N-30n(L)+KR(L) ) 

CALL ■'TP(HACC,^■T1 .VR.N) 

DC 6 U - 1,?\' 

1 NSGlf-') ' Mn"ljL2(NGR1 (M>+h:R(M) ) 

CALL nrPCM4CC,LT2,NR.M 
no 7 T .i = 1 , N 

" n:SG2(Tji = F0ruL2CN3G2CU)+NR(IJ)) 

call pFO(KaCC,FT3.N'R,^ ) 

DO F T K = 1 , t'- 

■' NS03(TK> = MeCUL^(N303( IK) + NR(IK) ) 

QPFRATTC*. OTGf<'A(2K + ?) = SIGHA(2K) + nFLTAl*Z*T0U(2K) IS.CVFR 

CnL:FI;TATTrP CF OFlTAl INVERSE AND THERE BY T0tJ(2K+2) 

CALI IN VF0S(M:^> .HACa, INDEL) 

CALL erf (LSGn.INDFl ,NP,N) 

no 0 n. =' 1 .N 

- NTO(H) ~ un.'Ul 2 <NTfH 11 ) + nR( IL) > 

CALL OFFCf'SOI , INDFl .NR.N) 

DC 1 C TL = 1- ' 

1 " NTl(IV) = FCnULP (KT1 { TM) +NR( IM ) ) 

CALL GFR{ N’SG2 . INDF! .NR, H) 
no -3 ''K a 1 .N , 

NT2{IN) = M0m;L2{N‘T2(TN)+NR(TN)) 

CALL OFF- (NSG3. TN'DFI .NR.N ) 

DO 12 TO = 1»N , . 

NT3(!0> = H0ni'L2{N 13(10) +NR( 10)) 

COMPOTAT TON: CF T0U(2K + 2) a(0El.TA1)-l »SIGHA(2K) » 7 IS OVER 
SHIFT THE S-rCLUHK tiPWARHS TWICE AND TOU-COLUHN TWICE UPWARDS 

PROCFFD with THE NEXT itERATlON OF ALGORITHM 

MJ = Mj+2 

IF (MJ.LF ) GO TO 2 

return 

END 


c 5:^I^LLTCP FPGGRAH FOR 'VDH-B'ALGCR'iTHK C 

C FRCGPfiF 


c 4 ; A2t are ELEFENTS OF GF(2*=<'5) 

C Slj53tS5 /!RE SYACRCFES AND T1,T3»T3 ARE TRANSFORMED SYNDROMES 

r, RV “*■’ RECEIVED VvCRD* 

C hT! 31,12) TRAKSPCSE OF PARITY CHECK MATRIX OF (3ijl6J COOE« 

c 5 :g,:,s:'gi»sig2t s?G3 are coefficients of the epror-locator-polynohial 

I 

c DERR " — ACTUAL KUMeER OF ERRORS 


:ktlger Rxoi) 

SNTEGER A0{5) , Al( 5) ,A2{ 5) ,A3( 5),S(15)f SK 5)»S3t 5)f S5(5) tTSIS), 

ITi (i J f SIGO (5 ) »SIG1 (5 )f SIG2{ 5), SIG2(5 ),RO{ 5),R1( 5),P2( 5)fR3C5} ,RJ5> 

2-ACC{5) jRVOl) ,HTt31,15) f N£RR 
data AU tAl j A2 » A3t SIGO /I, 5*Oi 1 f 1» 5*C» 1* S » 1» 4*0/ 

PRINTED 

;^ £ A c r f ( ( H T C 1 1 J ) J J ® 1 J 1 * ) * I = 1 f 3 1) 

DC 9 !JK = ifloOC 

REAC2C , (RV(K),K=1»31) 

DC 141 IFK = lr31 
14 1 RXUiPH) = RVUiPK) 

C CCMPUTATICN CF SYKC^^CMES IF SYNDROMES VANISH THERE ARE NC 

c FPPCPS in T*"E transmitted word. PROCEED TO THE NEXT RECEIVED 

C kCPCa 

CALL S C RCME { R V t HT t S » S 1* S3»S 5» N ERR»3 I j 15 t 5 ) 

JF{NERR.EC*0} GC TC 8 ; 

C STcFl CF VDH-B ALC-CRITHM 

CALL ST = P1 ^ S3f S5>T3tT5fS 1G1*S1G2,SIG3, Nf'RRt 5 ) 

I F(NERH«ECel) GC TC T 
C STEF2 CF vCr-B ALGCRITHM 


STEPZ t SI, S3,T3,T5,A0,SIG1, SIG2, SIG3,NERR, 5 ) 


GC TC 

'.F (MEF->.GC»3) GC TC t 
' PRlNTl6C' 

c; C C 9 

STFF3 TF VCF-B ALGCPITHH 


L L STEP3 J A U j^3,S l,S3tT3,T5,SlGlt SIG2, SIG3, NcPRf 5) 


IFIAEFFaEGo") GC TC 
P « T f^T F ‘ 

G C T C 9 

SIaHCF 


CALL ChlEKt SiGOf S! Gi , SIG2, S 163, A 1,A 2, A3, RO, Rl, R2,R3,R? ACC 


IKERP s3i,5) 


PRI M 1 5 , ( FX U )<L ) , I XL= 1, 31 ) , (RV( JXL ) *J XL=lf 3 1 ) 

E TFiAERFoEC^v) PRINT4C! 

9 CCMIME 

in FCRf'AT C£I1»5 x,5I1,5X,5I1) 

? i rCRRAT aix,3i:a) 

FCRRAT{lh0,20X,:^= NC ERPCRS IN THE TRANSMITTED WORD J 
Eu FCRRAT RECEI'^ED ^ORD *»2CX,* corrected wcrd > 

£ fcprat(ih-2:x,>^ eRRqrs ^re uncorrectable 


FCR^'AT n-HC,32X,3j.n,SX,31i i) 


U, FC«-.AT(1HC.2CX.. MNBER OF ERRORS ARE MORE THAN THREE IM 


TH- trANS^'IITEC WCPC *) 


TCTAL TIf'E 
C'''TA STCFAGE 
1171 


13200 (TIMES ARE IN MILLISECONDSl TAPlE 

64C7 AVAILABLE CERE 6069 SYMBOL TABLE 




'URPnUTI NE 
n.’ fV -IS TON 


STEPKNSlf NS3»NS5,NT3, Hf 5f NSGlf NSG?.f NSGBtNOEBfN) 

NSl IN) f NS3(N)|NS5(N),NT3l NJfMT5(N),MSGl(N)iMS&2CN) 



lilTfOER A(!;),B|&) fC(5,) 

fjQCf; e 

COMPiriNG TP.ANSPORMED sYMOR3MES 

CALL GFP(NSltNSl»A|N} 

CALL GFPINSl, A,B»N) 

CALL GFPI A,BfC,N) 


0 0 1 I » 1 1 N 

HT3I1) « MOD2INS3n)+B(I)) 

1 nT5(I) » H0D2INS5( ) 

CHECKING FDR THE OCCURANCE OF 

DO 2 J « ' ■> ■ ■ 

1 F (NT3 ( JK NE*OI '.^^GO TO 4, 
IF(NT5CJ)^.NE*0).;v150''' TO". 4, , 

2 CONTINUE . 

NOER « 

DO 3 K » 

'•'i' r ,, 

NSGiCKl :i; NStip'-"'-'""’’ 

.'NSGatKj, 

3 NSG3'<K>''^'"#' 

PROCEf'P;::-t^ 

'■4 ' 'RETURN ' j 


SINGLE' ERROR 




c STFF2 CF VCF-B ALGGPITHM 

■ LPFCLI INE -■^tF2{NSi,KS3f NT3tMS* ^AOsNSGlf ^SG2t^SG^,K0UNT*N) 

C ■■/■■■ N £ :C N NSi(M fNS2(N),NT3(N) ,NT5(N) ,NAO(N)f NSCi{N),NSG2( N) ? 
'.r.£G3(P) 

: MEGE F A [ ) »E(5 ) ,C(5 ) tC(5 ) ,E(£ )f F( 5)» FCC 5 ),P{ 5 ),0{ 5),R (5) ,S C5) 
1 ; T r ) , IT ( 5 ) » T VT { 5 ) » FN( 5) ,CN( 5) ,PKP,TRP 
IMEGEF PXt5),KX(5) 

= 0 

CC ? LX = 1,N 

^v'xfLx) = K£1UX) 

" hX{LX) " NT’ (LX) 


CALL 

INVERS {NAO,NX, A ) 

CALL 

GFF{ A; A,e»N) 

CALL 

GFFCefBrC.N) 

CALL 

GFPCAtCfCfN) 

CALL 

GFF{RT 5 tNT 5 »E,K) 

CALL 

Gf PINTS, fc^FjN) 

call 

GFF(F,C, FC,K) 


DC 1 I = ItF* 

1 P(i) = PCC2{NA:{i) + FC( I) ) 

C CCf^FLT^T'ICN CF TR ( 15 3/T3**5 ) + 1 ) 

CALL TRACE(FtTRP,K) 

C IF TFTS TRACE EQUALS «i* FOUR CR MORE ERRORS FAVE GCCUREC. 

: IF (TRF^SC* 1) GG TC 6 

C CC^^f’UTlRG f^F SIGM4* (S1) AMC TR( T3/Sl=*'*3 ) 

C IF eCTH SIGPA'(Sl) AND TR{T3/S1**3) VANISH NO.CF.*eRPORS = 2 

CALL GFF{M5» A,C,N) 

CALL GFF( Cf KSifRfN) 

OC 2 J = ItN 

2 S{J) = PCC2{R{ J)+NS3( J) ) 


n c 3 K ~ 1 , Is 
FI ■^IK ).KE.n) GC TC 5 

3 c c M M : 

CALL :NVERS(NAG,NX,T) 

CALL GFFU# T, TT,N) 

CALL GFFdf TTtTVTtN ) 

C-^LL GFp^f^:T3^TvT,PN,N^ 

CALL TRACE( FN, FNR,N) 

* Ff Pf.R,EG.i) GC TO 5 
KCIM = 2 

CALL GFF(M'3tT,Cfs,N) 

nc 4 L = Ifh 

K-GHL) = ^SlH) 

NSG2{L) = GNCL) 

I 4 NSG3(L) = € 

R£TLP^ 

C MKE-F CF GRRCRS iN THE RECEIVED WORD EQUALS 3 

- KcuM = 3 
RETLPH 

£ KCyNj * 

R;TUPh 

END 

TOTAL TJRE 12283 (TIMES ARE IN MILLISECONDS) 

data STChAGC 64C7 AVAILAeLE CORE 606S SYMBOL TABLE 

'.'U177 

XX)<X>XXXX>X><>XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX>XXX>XXX)(XX>XXX>>XXXXX>: 

xx>x>xx>>>x>>xxxxxxxxxxxxx>xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx; 


VDH-B Algorithm 


l) V . v| . 


j) 


S T c p 3 t M A ■: ) , N -5. 1 , N A 3 , N S 1 , N S 3 1 M T 3 s N T 5 J N S G 1 1 N S G 2 1 N S G 3 1 


R-: G ‘i:! ;A..{ ^M) j HAi(M) , MA3 ( H ) , MS i( N ) , NS3 ( H ) , NT3{ M) ,MT5(N!) , 

' MSG3f M) 

A(5)»B(5),Ci5),D(!:OfE{5) 

G On -• 

Dil 0 'P = 

• f '-■->) ,» ht2(-P) 

^ y ' i L L H I 0 M Ij f C f A ) 

r \l!. GFP(H?:;, A,p.f M) 

.:-A:.T,!i FUR THE ROOTS OF SIGMX) = )(**3+( TS'/T3 ) + T3 I M 
; CCOF pv THE 'ROnTS' ROUTINE 
C •.LI ROO-^.'-.H&.nfNAltNASjNTSf BjNORjN) 

F THL search succeeds N3R = 1 , HENCE IF NOR = 1 THEN 
:"G<X) - SiGMX+Sl). STOP,: ELSE GIVE A MESSAGE THAT NO* OF ERRORS 

■,F” TH AN 3 AND HENCE UNCORR ECTABL to 

, F ( ''4 OR , r0*5 i ) GO T 0 i 
Ar».’-;T ~ KOU'-*T'*Ai. 

NTiTUON ' , . ' ■ 

KOU!4T K0Ur:T + 3 

CALL GFPC'LSlfMSlsCfN) 

CALL GFP(N-1, B,DtN) 

no 2 " = If N ■ ■ ' ■ . , . ,0 

iSr,: C ■ } = NSl (I) ' . ■ ■ o , : 

‘ i SG2 ( T ) = MCiD2 C RC I > +C( n ) 

NSG"{!) * M0D2<NS3( n + D{ I ) ) . O::^ 

r;."Ukn 


h} 1!T- ’'L SEARCHES FilB. THE ROOTS OF A THIRD DEGREE 
P ,LY P ' AL OVER GF( ) . 
ij r ■- 1 ! " ■ M c R GOT S ( K A , K A i f K A 3 » KT 3 » KB t K OR , K ) 

r. .KS1-K^3 are THH GOGZFRO ELEMENTS OF GFI 2=^*5) AMD KAO ‘S 
■'S THE 1(00 ELEMENT OF GFiZ**?) 

^.’LGS-GN KAO (K) sKAiC K)f KA3(K ) tKT3l K) f KBI K } 

MT'T/'/' £l..)-B{5)fCfs)jD<5)tE{5) 

,:o - 

-'iK'Tr' s j ■ 

DO 1 J 

AfJ) = KA^'(J) 

1 'BCJ5 = r.B(J) 

2 DO 3 L = 1»K 

5 CCD “ 0002 C Ai L) +8( D +KT3( D ) 

p 'J 4 M = 1 f K 

;F(Cf K).OE.OO ' Go To 5 ■ ■ 

t. CONTINUE 

-H-ror NFCOT + : 

, F the ;IUOBcK OF ROOTS OF SlGMX ) IN GF( ) ARE imEE 

then KROOT = 3, AND SIGC X) = SIGMK+S 1 ) . ELSE THERE Akh HO^E 
"HV:; -HRcr; :;RROBS IN THE RECEIVED WORD* 

F ( ■■■iRDOT. EC* D GO TO t , 


r hLL 

GF P tA 

,/ K:43 f"Of K } ' 

C ALL 

GFPC B ., 

KAI. 

,€»KJ 

DO, 6 

■ M K .« , :1| 

pK 


a(MK) 

= DCNK) 



B ( NK ) 

; F C 

- „-{!MK) 

SO 

TO 2 


. RETURN 

7 Kop KOR+i 
SE’^URN 


'h';'- '‘‘iUT'M!: CHMPUTES THE GF( 2 ) TRACE OF AN ELEMENT OF GF( 2 ^^' 5 ) 

\LL ELEMENTS OF GF( 2 ^^* 5 ) ARE REPRESENTED AS BINARY 5 -TUPLE Ss 

Eun-;, HE TKACE(NPfMPR,N) 

D. nu uP( N) 

:'‘TrGr'? AT5)^ei5),C{5)iD(5) ,E{5) 


CALL GFo( NPtHPf A^N) 

CALL GFP(A:A»B»N) 

■,:--,lL GFPCR,B>C,N) 


CALL GFPCCsC»D»N) 

■■}n } = If -I 

1 : { n - i‘ 0 D 2 t NPl " )+A( I ) +B( I )+C{ I ) +D( i ) ) 

TF{L{1).»EQ»1) NPR = 1 

.::TUFN 


END 

THTS SUBPROGRAM REDUCES THE NUMBER *NN* TD NN MOD 2 
FU'SCT” ON HOD 2 {NN) 

MODE = VARS( Mf"-( NN/ 2 )* 2 ) 


RETURN 

"MD 

^n"AL ir-^E 
DATA STORAGE 


A 916 (TIMES ARE IN MILLISECONDS} 
6 a 06 AVAILABLE CORE 6117 


SYMBOL TABLE 





Tli S FDUTFHE DOES CHIE?^ SEARCH DN THE ERR0R-L0CAr3R-P0LYNI Hi AL 
“iG If i':G2r Mb? ARE THE COEFFICIEMTS 3F THE ERRDR~L3CATOT -POLY 
iO'-'J 'fL- NaI, N.t,?, NA3 APE FI ELD ELEMENTS , 

jt-jc RECEIVED vector 

SUFF. out; he chi ENlNGOf NGI , N3 2f NG3, NA 1, NA2, NAB, NRO, NR 1, NR 2s 
1. !R'f''X«MAP,MPV,KORT,M,M) 

r-: hlOE I ON fiG ON) , NGil N) ,NG2 (N ) ,NG3( T3) tNAKN) , NAZI N) ,NA3 IN) , 

ON) jMPl IN) .iNR2{M) »NR3{N) ,NX(N),NAP( N),NRV( H) 

mHD - 

'■•ItITI ALLY NGls ««i: »NG3 ARE PLACED iN A RESI STERS » THEN FOR 
TACH CLOCK CYCLE THE CONTENTS OF ThESE RESISTERS ARE MULTIPLIED 


e Y Fi -A 

, fl A 1 , 

NA2, 

fiA3 

RESPECT! (/ELY AND ADDED 

eiT-WlSE NOD2. 


'HF S 

SUM 

IS 

zErO the 

CORRESPONDING 

»BIT» COMING OUT 

FljFF*^ 

r i S 

N 

ERROR AND IS 

COMPLEHENTfcDt 

THUS correct I NS THE 


FRF- OP : 

no i I = IfN 

NR M ; ) = NO '{ j ) 

'iRMF) = NGI. C. ) 

NRZC'i) = NG2(i) 

NB3( I ) = NG3 {1) 

L H 

CALL GFPINkI, MA1,NX,N) 
no 4 I. P * 1{ N 
OAK. P) s' NXC. P) 

C ALL GFP(NR?.» NA2»NX,N) 

DO F JP = Ij M 
NR2{JP) = NX (UP) 

CALL GFP(NR3» NA3f NX,N) 
on 6 KP s ItM 
NPv3{KP) = NX(KP) 



LP 


0 




LP) = hod: t NRu( LP) +NR1{ LP) +NR2(LP) +NR3{LP) ) 

M 

:: F!'':aon<i),HEc.o) go to la 

K 1 = Li-l 

irtKr.MC.O) GO TO 9 
;PkOR COBPECT:^ ON, 

jP,\/(L) = M0DP(MRV(L) + 1) 

•MinD = MOOD+l 

■ F f '‘OODt F.QsKO^ T) go to 11 
L ~ L-1 


■rfL.Gc.l) GO TO 2 
11 RETURN 
: ND 


■^OTAL TINE 
PATA STOPAGE 


1D466 {TIMES ARE IN MILLISECONDS) 

640T A\IAILABLE CORE 6073 SYMBOL TABLE 


^XXXXXXXXXXXyXXXXXXXXXXXXXXXXXXXXXXXKXKXXXXXKXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 

KXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 



MSU) =0 
DO 1 J ** ItlL 

1 MSd) MS(?» + MCvtJ) wnri J.i I 

on 2 K » If JL > ' „ , , •• 

2 M3{K) * MnOUL2(MS(K) ) ■' 

DO 3 LL » l,Jl 

I FtMSi LLKEQ*D) N8INDU ,«• 


3 CONTINUE , 

IFtNRINOU.EO.iS). MAN4U 
;. RETURN ■ .. '..-U 

^ ^W , . 'V ' ‘-5 ‘ ■ 

END ■ - u ‘ V'::; ■■‘,;».';i':-' 

total. TIME;; .1. tTJ 


"'10 •' RCUTJNf CHtCKS WHETHER OR NOT THg DECODER OUTPUT IS A CODE WO 
c (,ipp nu*I ME CHECK { MCV^» HHTf MS , MANJUt I L, JL } 

D'J'c MS ‘ON OCV(JL)fMHT(ILi JDiMSfJL) 

MA^ 1 JU = S 

' ‘ ‘ 5 ; < 1 DO = v) 







Th-' ^.CLTI^E CCNPtTcS TPE GF PROCLCT OF TWC ELEFEMS FCP GF{2=»#5) 
5 1 E S C L N E G F P ( N /i , N E , N A C r H L ) 

n ' F : N S CK fs A ( F, L ) ^ K e ( M ) , N AC ( NL ) 

' M L G E P R { £ ) 

DC 1 1 = ItFL 

1 N AC (■•■) = C 
• J =M 

2 F ; F A { ? J) e NE, 1 ) GC TC 4 
DC 3 J = l»M 

? CACCJ) = FCCCLZCFACC J ) ) ) 

4 1FfT^«EC*l) GC TC 6 
PCi) = KAC{M) 

R{2} = KAC(NL-4> 

RO) = FCCLL2E>AC{M-3 )+NAC{NL ) ) 

R (4 ) = NAC (M 2) 

R{v) = fVAC(KL' IJ 

oc 5 K = Ifia 

5 KACCK) = R{K) 

!J = IJ-i 

IF{' JaKE.O) GC TC 2 

6 RETIRK 




H' £ wClTirvE CCf^FUTES TEE GF INVERSE 


OF AN ELEMENT OF GFt2^*5) 


SLBFCITTNE I N V E R S ( ^ CN , N P , INV ) 

r. '■r/,,Ns:'CN kcms) ,np{5) ,inv{5) 

::\"EGEF F(£),S(5) 

DC :: I = i .5 
’ NV n ) = 1 ) 

Rfl) = KP(5> 

H ( 2 ) = NF ( 1) 

'{■*) = P'CC 2 {NF{ 2 )+NF (5 ) ) 

-:{<) = KFO) 

F C ■ ) = N P < A ) 

DC 3C J = IjS 
NFU) = R{J) 

Sfiy = INVIF) 

S{ 2 ) = TNV(l) D ^ 

S<35 = l*'CC2{IKV(2> + INV{5) ) 

SCA) = IkV{3> 

S{D) ' 

DC AC K = iiS 

= S{«} 

' J = E 

" F {^P {£ J) • AE.ACNI IJ ) } GO TO 2C 
:u ^ ij-i 

IF{TJ»AE.:n 6C TC 5A 
RETLPK 

END , 

FLNCTICN NCC2{KK) 
yc02 = 'i ABStKK-{KK/2)*21 

:RETLRN' 

EKC 

TOTAL TIP5 7133 (TIMES ARE IN MILLISECONDS) 

CATA STORAGE 6A06 AVAILABLE CORE 6113 
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